At 5°C, poliovirus 1 was inactivated by free chlorine (FC) at pH 9.0 more than 10 times as rapidly in drinking water as in purified water. Because ions that comprise many salts potentiate the virucidal effectiveness of FC, we believe that ions and possibly other substances in the drinking water potentiated the virucidal effectiveness of FC. Since viruses may be much more sensitive to chlorination in drinking waters than laboratory tests in purified waters have heretofore led us to believe, it may be possible to reduce the amounts of FC applied to many water supplies for disinfection and thereby perhaps reduce the quantities of halomethanes and other toxic compounds produced in these supplies by the chlorination process.
Certain ions potentiate the virucidal effectiveness of free chlorine (FC). The virucidal effectiveness of FC at pHs 4.5 and 9.0 is potentiated in 0.007 M KCl (K+, 275 mg/liter; Cl-250 mg/liter) (2) , and, at a somewhat higher concentration, H3BO3-NaOH buffer also potentiates the virucidal effectiveness of FC at pH 9.0 (2). It seems likely that many of the ions present in drinking waters potentiate the virucidal effectiveness of FC.
The study presented herein demonstrates that the virucidal activity of FC at pH 9.0 is markedly potentiated by substances in drinking water.
MATERIALS AND Beef extract (1%). A 1% solution of beef extract was prepared by adding 10 g of beef extract (GIBCO M00040) to 1 liter of purified water. This solution was used for preparing dilutions of virus.
Chlorine-demand-free waters. Chlorine-demand-free waters were prepared by a procedure described in Standard Methods (1) . Waters, purified and tap, were made demand free by chlorinating them to a free residual of 5 mg/liter and storing them for 3 days. The waters were then dechlorinated * Corresponding author.
by exposure to UV light for several days. To make certain that no chlorine remained in the waters, amperometric titrations were performed on them when chlorine was no longer demonstrable by DPD test. The demand-free dechlorinated waters were stored until needed.
Chlorine-demand-free NaOH. Appropriate-strength solutions of NaOH were prepared and made chlorine demand free. Chlorine was added to each solution of base to a final concentration of 5 mg/liter. The chlorinated solutions of base were stored in the laboratory for 3 days to satisfy the chlorine demand, and the solutions were dechlorinated by exposing them to UV light. To make certain that no chlorine remained, amperometric titrations were performed on the solutions when chlorine was no longer demonstrable by the DPD test.
Chlorine-demand-free glassware. Chlorine-demand-free glassware was prepared by a procedure described in the USEPA Manual of Methods for Virology (5) and made chlorine demand free by a procedure described in Standard Methods (1) . Chlorine-demand-free beakers and cylinders used in the test procedures were rinsed three times in the test waters just before the tests were done.
Amperometric titrations for FC. Amperometric titrations with phenylarsene oxide for FC were done by the procedures described in Standard Methods (1). The titrations were done on a total volume of 300 ml of each test fluid.
Virus. A chlorine-demand-free preparation of poliovirus 1 (Mahoney LP, RKP42 of 7 October 1969) was used in all of the experiments described herein.
Virus assays. All poliovirus assays were done in BGM cells (7) by the plaque technique (8) . Plaques were generally read 3, 4, and 7 days after cultures were inoculated.
Test procedure. Chlorine-demand-free water, 1.5-to 2-liter quantities of sometimes purified and sometimes tap water, were adjusted to pH 9.0 with 2 and 0.25 M NaOH. About 6 mg of NaOH was required to bring 1 liter of tap water to pH 9.0, and about 2.5 mg of NaOH was required to bring 1 liter of purified water to pH 9.0. Neither quantity of NaOH was sufficient to affect significantly the virucidal effectiveness of FC. Both waters were chlorinated to either 1-or 5-mg/liter residuals, and 400-ml quantities of each were distributed into 600-ml beakers. The pH of each test water was rechecked and readjusted if necessary at the beginning and under continuous stirring on a magnetic stirrer, 1 ml of a chlorine-demand-free poliovirus 1 Inactivation of poliovirus 1 in purified water by FC at pH 9.0. In purified water at pH 9.0, 0.95 mg of FC per liter inactivated 99.99% of poliovirus 1 in a little more than 100 min (Fig. 1, top) . In the same system, 5.00 mg of FC per liter inactivated 99.99% of poliovirus 1 in 28 to 29 min (Fig. 1,  center) . In another series of tests in the same test system, 5.00 mg of FC per liter inactivated 99.99% of poliovirus 1 in about 23 min (Fig. 1, bottom) .
Inactivation of poliovirus 1 in drinking water by FC at pH 9.0. In drinking water at pH 9.0, 0.95 mg of FC per liter inactivated 99.99% of poliovirus 1 in about 13 min (Fig. 2,  top) . In the same drinking water system, 5.00 mg of FC per liter inactivated 99.99% of poliovirus 1 in about 3 min (Fig. 2,  bottom) .
Comparison of inactivation rates for poliovirus 1 in purified and drinking water by FC at pH 9.0. To compare the inactivation rates for poliovirus 1 in purified and drinking water, van't Hoff plots (3, 4) were prepared from the data in the inactivation curves ( Fig. 1 and 2 (Fig.  3) .
DISCUSSION
The virucidal activity of FC is potentiated by KCI, NaCl, and CsCl at moderately alkaline pH levels where most of the FC exists as hypochlorite ion (OCI-). In the presence of 0.05 to 0.1 M concentrations of these salts, FC is 10 to 30 times more virucidal than it is in the absence of salt (9, (12) (13) (14) (15) (16) (10, 12, 17) . It also seems In recent years, water treatment plant operators have modified treatment procedures to reduce the amounts of halomethanes and other toxic compounds (e.g., carcinogens and teratogens) produced in their drinking waters by the chlorination process. Although the U.S. Environmental Protection Agency has set no standards for the chlorination of drinking water supplies, some states do set minimum requirements or provide recommendations for FC-time couplings (11) . Moreover, the quantities of chlorine applied to drinking waters are guided in part by laboratory studies of the rates at which FC inactivates viruses and other pathogens in water.
Although disinfection has been considered the main treatment barrier against all pathogens in drinking waters, we now know disinfection to be a flawed barrier. To wit, the cysts of giardia are highly resistant to FC and are generally removed by filtration, and the cysts of cryptosporidia appear to be too resistant to be inactivated by chlorination at all. The most FC-resistant pathogens that reasonably can be inactivated by chlorination are the viruses. Thus, if viruses are inactivated more rapidly in drinking waters (as they appear to be) than in the purified waters usually used in laboratory testing, it may make sense to reduce the quantities of FC applied to many water supplies. Such reductions in applied FC may reduce the amounts of halomethanes and other toxic substances produced in waters and, concomitantly, the long-term risk of cancer, teratogenesis, and other toxic consequences of chlorination.
Since it is important to minimize the quantities of FC applied to drinking waters to reduce the production of carcinogenic, teratogenic, and other toxic compounds that result from the chlorination process, it is important to determine which ions (or other substances in drinking waters) potentiate the virucidal effectiveness of FC and to what extent they do this.
It seems probable, especially since most drinking waters are alkaline, that it will be possible to reduce the quantities of FC applied to many drinking waters for disinfection purposes. It will probably be necessary, however, to determine at least the ionic content of a drinking water before an appropriate FC dosage can be determined. It is even possible that the virucidal potentiation of FC by each drinking water will need to be tested occasionally to determine the level of FC appropriate for it.
